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The Agricultural Production Systems sIMulator (APSIM) was used to evaluate
two alternative approaches for extending the cover crop growing window into
corn (Zea mays L.) and soybean (Glycine max L.) crop rotations in Nebraska,
USA.We evaluated how: (i) shifting corn planting dates (mid-April to early-June)
and (ii) altering comparative relative maturity (CRM) corn hybrids (80 to 115
days) influence cover crop biomass and corn yields over a 30-year period. The
APSIMmodel was tested using experimental data and was then used to simulate
a range of cover crop planting and termination scenarios. Our results showed no
significant yield differenceswithin the same corn relativematurity when planted
on April 20 and May 13 but that yield declined when planted in June. During a
six week fall cover crop planting window (September 15–October 31), every day
beforeOctober 31 that the cover cropwas planted resulted in additional 62 kgha−1
of biomass. We also simulated a onemonth spring termination window (April 1–
April 30) and, every day delay in cover crop termination resulted in per day addi-
tional 35 kg ha−1 of biomass. Cover crop biomass accrual was highly dependent
on weather, where for identical fall planting dates, a warm wet season accrued
approximately four times more biomass than a cool dry season. Although we
found significant yield differences between early,mediumand late seasonCRMs,
earlier fall cover crop planting associated with either earlier spring corn plant-
ing or planting an early to medium season variety leads to ten-fold greater cover
biomass. Delayed corn planting bymid-May had no yield penalty relative toApril
planting, and could facilitate four-fold greater cover crop biomass (cover crop ter-
minated April 30 instead of April 1). Our results demonstrate that earlier cover
crop planting in fall or later cover crop termination in spring can result in signif-
icantly more biomass which can be balanced with yield goals.
Abbreviations: APSIM, Agricultural Production Systems sIMulator;
CRM, Comparative Relative Maturity Hybrid.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2020 The Authors. Agronomy Journal published by Wiley Periodicals LLC on behalf of American Society of Agronomy
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1 INTRODUCTION
Corn (Zea mays L.) and soybean [Glycine max (L.) Merr.]
have been the most widely cultivated crops in the United
States for the last several decades and represent the major-
ity of cropped acres across the Upper Midwest Corn Belt
(Hijmans, Choe, & Perlman, 2016; National Agricultural
Statistics Service, 2019). Corn and soybean are summer
annual crops that only provide significant canopy cover
for four to five months each year. When cover crops are
grown in the fallow intervals between cash crops, they
reduce the time period in which a soil is uncovered, pro-
viding continual cover of the soil and improved soil struc-
ture (Kaspar, Singer, Hatfield, & Sauer, 2011). Increasingly,
research demonstrates the myriad of ecosystem services
being promoted by the use of cover crops (Blanco-Canqui,
Lindquist, Elmore, Francis, & Shaver, 2015; Daryanto, Fu,
Wang, Jacinthe, & Zhao, 2018; Kaspar et al., 2011); these
include increasing water infiltration (Basche & DeLonge,
2019), reducing nutrient losses and greenhouse gas emis-
sions while improving nitrogen cycling (Abdalla et al.,
2019; Kasper, Buchan, Mentler, & Blum, 2009; Thapa,
Mirsky, & Tully, 2018; Tonitto, David, & Drinkwater, 2006),
increasing soil organic matter and/or soil carbon (Poeplau
&Don, 2013; McDaniel, Tiemann, & Grandy, 2014), as well
as preventing soil erosion (Blanco-Canqui & Lal, 2004;
Kaspar et al., 2011).
Despite these benefits, there is still limited use of cover
crops across the Midwest Corn Belt. The National Agricul-
tural Statistics Services Census estimated that there were
cover crops grown on approximately 3.6% of the cropped
acres in the top corn producing states in the Upper Mid-
west (USDA-NASS 2018). A growing body of social science
research suggest that a number of barriers to cover crop
adoption persist, including financial risks, concerns over
potential cash crop yield impacts, added challenges from
management of cover crops, and cover crops water use,
to name a few. (Arbuckle & Roesch-McNally, 2015; Dunn
et al., 2016; Roesch-Mcnally et al., 2018). An additional con-
straint faced by farmers is the time required for cover crop
planting during the typically busy soybean and corn har-
vests and the limited cover crop planting window follow-
ing harvest before the onset of winter (SARE-CTIC, 2015).
In the Midwestern United States, and regions such
as Eastern and Central Nebraska, corn-soybean rota-
tions are predominant; in Nebraska, 3.8 million and 2.2
million hectares of land are planted under corn and
soybean respectively (USDA-NASS 2018) which rep-
resents approximately 68% of field crops in the state.
Additionally, Nebraska leads the United States in irrigated
cropland where 3.4 million hectares of cropland is under
irrigation, necessitating additional decision-making
around sustainable resource usage (USDA-NASS 2018).
Core Ideas
∙ No significant yield differences when corn
planted was planted in late April or early May.
∙ Significant yield differences between early,
medium, and long season corn varieties.
∙ Cover crop planted bymid-September produced
ten times more biomass compared to late-
October.
∙ A warm wet growing season can produce four
times more rye cover crop biomass than a cool
dry season.
∙ Delaying spring cover crop termination from
early to late April produced four times more
biomass.
Two critical management decisions that affect corn and
soybean yield are planting dates and hybrid/cultivar
selection (Grassini, Thorburn, Burr, & Cassman, 2011).
Planting dates of cash crops, in addition, affect the biomass
production potential of cover crops as they determine
when cover crop planting and termination can occur.
Cover crop biomass production is the foundation for
improving ecosystem services such as soil nutrient and
water cycling, maintenance of soil quality, preserving
biodiversity and increasing soil carbon (Ruis et al., 2019).
One strategy to overcome the time constraints associated
with cover crop adoption is to plant cover crops earlier
through management practices such as interseeding of
cover crops before cash crop harvest. Another related
practice is the utilization of shorter season corn and soy-
bean varieties, which can be harvested earlier, allowing
for earlier fall-cover-crop planting (Baributsa et al., 2008;
Bastidas., 2017; Noland et al., 2018). This approach comes
with the potential risk for producers of reducing crop
yields associated with shorter season varieties in exchange
for cover crop biomass (Archontoulis et al., 2020).
An approach to provide long-term insights of these
altered management strategies is the utilization of simu-
lation tools such as cropping system models. Such models
are capable of assessing crop impacts beyond the domain
of a single field in a single year. The APSIM (Agricultural
Production Systems sIMulator) platform is a biophysically-
based tool capable of simulating crop responses to altered
management and climatic conditions (Holzworth et al.,
2014; Keating et al., 2003) and related effects associated
with cover crops grown in corn-soybean crop rotations, as
evidenced by recent studies (Basche et al., 2016; Dietzel,
Liebman, Ewing, & Helmers, 2016; Li et al., 2008; Malone
et al., 2017; Marcillo et al., 2019; Martinez-Feria, Dietzel,
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Liebman,Helmers, &Archontoulis, 2016). However, to our
knowledge, model-based evaluations have not evaluated
the potential of alterations to corn management for opti-
mizing cover crop biomass, such as utilizing varied matu-
rity season corn varieties or different corn planting dates.
Cereal rye (Secale cereale L) continues to be a widely uti-
lized winter cover crop in the Midwestern United States
according to a national cover crop survey (SARE-CTIC,
2017). Cereal rye has more potential for biomass pro-
duction as soil temperatures following corn and soybean
harvest are consistently favorable for germination and
growth for cereal rye, compared to less cold-tolerant cereal,
legume or brassica plant species (Cates, Sanford, Good, &
Jackson, 2018). Although planting and termination dates
are crucial management factors to maximize cover crop
biomass, the seasonalweather conditionsmake each year’s
cover crop growth uncertain (Alonso-Ayuso et al., 2018).
In other words, identical cover crop planting dates on con-
secutive yearsmay not generate similar biomass given year
to year variability in weather conditions. Thus, accounting
for the influence of annual meteorological variations on
cover crop management becomes crucial (Alonso-Ayuso,
Gabriel, & Quemada, 2014, 2018) and may help producers
weigh tradeoffs associated with altered management.
In this study, our research objectives were to test the
APSIM model performance on a corn-soybean rotation
experiment in Nebraska in order to predict: (1) the impact
of corn planting dates (late-April, mid-May and early-
June), and corn CRM (80, 90 days = early; 100, 105
days=medium; 110, 115 days= long) on corn yield in order
to potentially accommodate earlier cover crop planting in
fall and later cover crop termination in spring;(2) quantify
rye cover crop biomass production across a range of fall
planting dates (September 15 ̶October 31) for a conservative
to average spring termination date (April 15); and a range
of termination dates (April 1 ̶ April 30) when planted on a
conservative to average fall planting date (October 10); (3)
investigate the impact of weather (warm wet, warm dry,
cold wet and cold dry) on cover crop biomass production
for the abovementioned range of planting and termination
dates.
2 MATERIALS ANDMETHODS
2.1 Site description and experimental
datasets
The field experiment utilized to test the cropping sys-
tems platform in this analysis included a two year irri-
gated corn-soybean rotation system experiment with four
replicates located at the South Central Agricultural Lab-
oratory (SCAL) (40◦ 34′ 12″ N, 98◦ 7′ 48″ W), University
of Nebraska-Lincoln, near Clay Center, NE. The average
temperature, precipitation and irrigation regimes are tab-
ulated in Supplemental Table S1. The soil series at SCAL
were Crete silt loam (fine, smectitic, mesic Udic Argius-
tolls), Holdrege silt loam (fine-silty, mixed, mesic Typic
Argiustoll) and Hastings silt loam (fine-silty, mixed, mesic
Typic Argiustoll). The 30-year averagemonthly air temper-
ature, precipitation, and irrigation at South Central Agri-
cultural Laboratory (SCAL) are furnished in Supplemental
Table S2.
No-till corn (Zea mays L.) was planted in rows spaced
0.76m apart at 84,000 seeds ha−1 and anhydrous ammonia
was applied at the rate of 247 kgNha−1 in fall. Corn of vary-
ing comparative relative maturities hybrids (CRM) were
planted on May 13 (Early planting group in 2015 and 2016)
and April 25 (Early planting group in 2017), June 1 (Late
planting group in 2015 and 2017) and June 6 (Late plant-
ing group in 2017). Crop management and CRM details
are elaborated in Table 1. Cereal rye (cultivar Elbon) was
drilled into corn stubble in 19.1 cm rows with a seeding
rate of 67.3 kg ha−1. The cereal rye planting dates varied
in accordance with expected corn harvest dates of the dif-
ferent CRM hybrid groups. The no rye treatment was con-
sidered as a control for the subsequent soybean crop. Soy-
bean [Glycinemax (L.)Merr.], (RelativeMaturity [RM] 2.4)
was planted in 0.76 m row spacing with 371,000 seeds ha−1
between 12 and 19 May for the year 2016, 2017 and 2018 for
soybean. Weeds were controlled as needed throughout the
season with herbicides (glyphosate). The major manage-
ment dates including cover crop planting and termination
dates are outlined in Table 1.
2.2 APSIMmodeling platform
The APSIM platform is an open source, process-based
advanced simulator of cropping systems that operates on
a daily time-step (Holzworth, Meinke, DeVoil, Wegener,
Huth, Hammer, . . . & Murphy, 2006; Holzworth et al.,
2014). In this study we used APSIM version 7.9 and
connected the following modules in the software plat-
form: corn and soybean crop growth modules (Keating
et al., 2003), the SoilN (organic matter and N) mod-
ule (Probert, Dimes, Keating, Dalal, & Strong, 1998), the
residue module for crop residue dynamics (Probert et al.,
1998; Probert, Delve, Kimani, & Dimes, 2005; Thorburn,
Probert, & Robertson, 2001), the SoilWat water balance
module (Probert et al., 1998) and a modified wheat mod-
ule (Basche et al., 2016; Zhang, Feng, Wang, Wang, & Li,
2012) to represent winter rye cover crop and the following
management rules: planting, harvesting, fertilizer, tillage,
and rotations. The corn, soybean and modified wheat
crop models simulate crop yield and biomass based on a
CHATTERJEE et al. 4651















80 d May 13, June 1 Oct 2 May 13, June 6 Sept 22 Apr 25, June 1 Oct 27
90 d May 13, June 1 Oct 10 May 13, June 6 Sept 30 Apr 25, June 1 Oct 27
100 d May 13, June 1 Oct 10 May 13, June 6 Oct 6 Apr 25, June 1 Oct 27
105 d May 13, June 1 Oct 12 May 13, June 6 Oct 13 Apr 25, June 1 Oct 27
110 d May 13, June 1 Oct 22 May 13, June 6 Oct 21 Apr 25, June 1 Oct 27
115 d May 13, June 1 Oct 22 May 13, June 6 Oct 27 Apr 25, June 1 Oct 27
Soybean May 19 Oct 11 May 12 Oct 8 N.A. N.A
aCorn was planted in the year 2015, 2016 and 2017 in three fields at the same site, rotated by soybean in the year 2016 and 2017. The dates correspond to the above
mentioned years for corn and soybean. CRM stands for comparative relative maturity hybrids.










Early CRM (80 d) 2 Oct 14 Apr 22 Sept 11 Apr
Early-Medium CRM (90 d) 9 Oct 14 Apr 13 Oct 11 Apr
Medium CRM (100 d and 105 d) 12 Oct 14 Apr 20 Oct 11 Apr
Late CRM (110 d and 115 d) 21 Oct 14 Apr 27 Oct 11 Apr
Note. CRM stands for comparative relative maturity. Rye was not planted in the year 2017
combined radiation and water use efficiency concept. The
flow of information passes on a daily time step from one
module to the other and this accounts for feedbacks within
the soil, crop, and atmospheric continuum.More details on
this field scale model are available at http://www.apsim.
info. The APSIM model has been successfully used and
provided reasonable predictions of soil and crop aspects for
Corn Belt conditions (Archontoulis et al., 2020; Marcillo
et al., 2019).
The model was initiated by setting up the opera-
tional management (irrigation, planting dates, crop har-
vest dates). The site specific soil and soil-roots parameters
were developed using data from the Web Soil Survey (Soil
Survey Staff, 2018) and methodology outlined by (Archon-
toulis, Miguez, & Moore, 2014). Weather data to drive sim-
ulations were taken from the Daymet dataset, a global
database of dailyweather parameters (https://daymet.ornl.
gov/).
In this project, we developed cultivars’ parameters for
corn similar to Baum, Licht, Huber, & Archontoulis, 2020,
and adapted by Basche et al., 2016’s version of calibrated
rye crop and applied the model without further validation.
Literature is mixed with regards to model calibration and
validation (Choruma, Balkovic, & Odume, 2019; Guarin,
Asseng, Martre, & Bliznyuk, 2020). There are many papers
in which the authors simply tested the model before
application (e.g. Guarin et al., 2020; Martinez-Feria et al.,
2018; Baum et al., 2020; Farre, Robertson, Asseng, French,
& Dracup, 2004; Vanli, Ustundag, Ahmad, Hernandez-
Ochoa, & Hoogenboom, 2019), while others split data into
calibration and validation before application (e.g. Basche
et al., 2016; Puntel et al., 2016, 2018). Typically, validation is
neededwhennewcode is added or source code changes are
made (e.g. Ebrahimi-Mollabashi et al., 2019; Pasley, Huber,
Castellano, & Archontoulis, 2020) but there is no consen-
sus on that (Choruma et al., 2019; Guarin et al., 2020).
Following model initiation, we adjusted cultivars’
parameters using experimental data with cash crop yield
from three fields across three years and cover crop biomass
across two years (Bastidas, 2017). The parameters for ther-
mal time from emergence to end of juvenile, thermal
time from flowering to maturity, were adjusted specifi-
cally for the different corn maturity groups utilized in
this research (Supplemental Table S3a-f; Supplemental
Table S4). Adjustments were made to the default model
crop parameters to reflect site conditions (Supplemental
Table S3a-f). The choice of parameters that needed adjust-
ments were based mainly on observed available data and
suggestions from APSIM developers who have worked
extensively in developing cropmodels for theMid-Western
Corn belt.
Rye is not included as a crop in the APSIM version 7.9
therefore we modified the APSIM-wheat module as per
previous APSIM-cover crop literature (Basche et al., 2016;
Martinez-Feria et al., 2016) and has been regarded as the
most similar available crop. The plant and environment
components in the wheat module that were modified are
optimum temperature, ceiling temperature, vernalization
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sensitivity, soil water required for germination and extinc-
tion co-efficient as per Basche et al. (2016a). The details
of wheat module modification are available in the sup-
plemental materials. Additionally, the irrigation module
within the APSIM model was set up to mimic the irriga-
tion applied in the field of the particular study site (center
pivot irrigation). The irrigation schedules are furnished in
Supplemental Table S1.
2.3 Model application and scenario
analysis
We used the APSIM model to investigate in the long term
(30 y):
1. Determine the impact of three planting dates (mid-
April,mid-May, and early-June) on corn yieldwithin six
different corn relative maturity hybrids
2. Quantify the rye cover crop biomass production across a
range of average fall planting dates (September 15 ̶Octo-
ber 31) for a conservative spring termination date (April
15); and a range of average termination dates (April 1 ̶
April 30) when planted on a conservative fall planting
date (October 10)
3. Analyze the impact of weather (warm wet, warm dry,
cold wet, and cold dry) on cover crop biomass produc-
tion for the above mentioned range of planting and ter-
mination dates.
2.3.1 Analysis of weather data and
quantifying effect of weather on cover crop
biomass
The meteorological data including daily maximum and
minimum temperature, precipitation and radiation values
were extracted from Daymet using the single pixel extrac-
tion tool (daymet.ornl.gov). The average annual daily tem-
perature for the site is 10.3 ◦C. During fallow periods
(October to April), the average daily mean temperature is
2.3 ◦C. The average annual precipitation is 650 mm. The
years 2016 and 2017were among thewettest years on record
in the fall season, while 2012 and 2013 included periods of
extremely low precipitation during summer. The year 2012
had the least fall precipitation (66 mm).
2.3.1 Soil profile
APSIM requires site specific information on soil parame-
ters. The soil series in the study site was Crete silt loam,
Holdrege silt loam andHastings silt loam. The estimates of
drained upper limit (DUL) and drained lower limit (LL15),
bulk density, soil pH, organic matter, clay content, field
slope, and soil hydrological group were retrieved from the
information provided in the Web Soil Survey (Soil Survey
Staff, 2018). The parameter values used for simulation are
furnished in Supplemental Table S2.
2.4 Statistical evaluation
To evaluate the model performance over two to three
years of testing period for cash crop yield and cover crop
biomass, we computed the root mean square error (RMSE)
which is a measure of the predictive ability of the model
after accounting for the local cultivars. The RMSE is
the most frequently used tool to quantify the difference
between values predicted by a model and the field mea-
sured values. The Root Mean Square Error (RMSE) is the
difference between values predicted by a model and the
values actually observed from the field environment that is
being modelled. The RMSE aggregates the individual dif-
ferences into a singlemeasure of predicted powerwhile the
relative root mean square error (RRMSE) is calculated by
dividing the RMSE with average value of measured data.




(𝑋𝑜𝑏𝑠,𝑖 − 𝑋𝑚𝑜 𝑑𝑒𝑙,𝑖)
2
𝑛
where Xobs are observed values and Xmodel are modelled





Lower values of RMSE and RRMSE indices are inter-
preted as better model performance. For this study, we
have considered RRMSE ≤ 15% as good model perfor-
mance; 15 ̶ 30% asmoderatemodel performance and≥ 30%
as poor model performance as per Liu et al. (2013) and
Puntel et al. (2016). Additionally, we calculated the Nash–
Sutcliffe model efficiency (NSE) coefficient (NSE) which is
used to assess the predictive power of models. It is used to
quantitatively describe the accuracy of model outputs. The
closer the model efficiency is to 1, the more accurate the
model is. The Nash-Sutcliffe model efficiency (NSE) coef-
ficient is calculated as:
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F IGURE 1 Simulated and field measured corn yield for various relative maturity groups for early and late planting dates
All statistical analyses were performed using R Studio
statistical software 1.2.1335-1 (R Core Team, 2018).
3 RESULTS
3.1 Effect of planting date on corn yield
(early and late)
The model simulations agreed with field measurements
having a RRMSE from 28–30% for corn yield across three
different planting dates (Figure 1). The longer season corn
relative maturity groups led to increases in corn yield.
The highest predicted yield of 15,814 kg ha−1 was found in
the 115 d CRM planted on May 13 compared to the field
observed yield of 15,000 kg ha−1 for the same hybrid for
the year 2015 (Figure 1).
For the late planting date (June 6), the highest predicted
yield of 14861 kg ha−1 was observed with 105 d CRM com-
pared to 15100 kg ha−1 observed in the field for the year
2015. In 2016 for the 115 d CRM, the field observed yield
was 16,600 kg ha−1 while the model predicted a yield of
16,074 kg ha−1 when planted in May 13 (Figure 2). The late
planting date of June 6 showed higher yield in 105 d and
110 d maturity groups in accordance with the trend
observed in the field for all the cropping years. In gen-
eral, field observed data showed a quadratic trend in yield
among various corn relative maturity groups for both May
13 and June 6 planting dates (Figure 2). However, the
model captured this particular trend only in the later plant-
ing dates (June 6) for 2016. For the year 2017, themodel pre-
dicted yields were lower compared to the field measured
yield for both April 25 and June 1 planting dates. When
planting date was delayed, a medium maturity hybrid of
105 d showed an average yield reduction by 470 kg ha−1
(7 bu ac−1) while later maturity group (110 d) showed
reduced yield by 1412 kg ha−1 (21 bu ac−1). Thus, medium-
maturity hybrid (105 d) performed better than late-
maturity hybrid (110 d) with delayed planting (June 6)
(Figure 1). The APSIM model simulated corn yield with a
RRMSE of 0.29 and NSE of 0.89. Overall, the model pre-
dicted yields were in agreement with that of the field data.
3.2 Rye cover crop biomass
In the field experiment, the varied corn CRMs ranged
from 80 d to 115 d, which facilitated ten different cover
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F IGURE 2 Comparison of model predicted and field measured values of rye spring biomass over various planting dates across 2015 and
2016
crop planting dates. Cover crop biomass production was
affected by varying planting dates, with the highest pro-
duction for the earliest planting date (Figure 2). Rye
planted in 2015 and terminated in 2016 showed exception-
ally high cover crop biomass which was well captured by
the model in spring (Termination date: 14 Apr. 2016). The
RRMSE and NSE values were 0.11 and 0.98 respectively.
Earlier planting dates between mid-September and early
October showed double the amount of cover crops biomass
compared to late October planting dates for both the years
(Figure 2). Overall, we found that themodel well predicted
the cereal rye cover crop biomass efficiently using themod-
ified APSIM wheat module.
3.3 Model application
3.3.1 Effect of planting date and CRM
on corn yield
The three planting dates considered were: Early (April 20),
Mid-May (May 13) and Delayed (June 6) using the histori-
cal weather dataset for over thirty years, representing what
is considered a complete climatological record. Results
demonstrated that corn yield increased with increasing
maturity groups for April andMay planting dates, but yield
decreased beyond 105 d maturity corn when planted in
June. For the delayed planting date (June), we observed a
plateau effect in corn yield with increasing relative matu-
rity hybrids, where a delay in planting date resulted in lim-
ited yield difference beyond 105 d CRM corn (Figure 3).
But with the Mid-May planting date, the longer maturity
hybrids showedhigher yield losses compared to the shorter
maturity hybrids.
Across April and May planting dates, for early season-
maturity hybrids (80 d and 90 d), we did not notice signif-
icant yield differences (p = .70, p = .50 and p = .56) but
significant yield losses where noticed when planting date
was delayed to June for 90 d (p= .04). Themedium-season
maturity hybrids (100 d and 105 d) showed significant yield
differences when planted in the month of June (p = .04,
p = .03) compared to corn planted in April but no signifi-
cant yield differences were noted between April and May
planting dates (p = .31, p = .16). When planted in April
and May, the full season maturity groups (110 d and 115 d)
showed no significant yield differences (p = .50, p = .30)
but significant yield losses were noted when planted in
June (p = .0001, p = .0006).
For the April 20 planting date, there was a significant
difference of 1689 kg ha−1 (25 bu ac−1) between 100 d and
110 d CRM and a significant difference of 2121 kg ha−1
(33 bu ac−1) between 100 d and 115 d varieties. The same
planting date showed a yield difference of 1082 kg ha−1
(16 bu ac−1) between 105 d and 115 d CRM and
650 kg ha−1 (9 bu ac−1) between 105 d and 110 d CRM corn.
However, we found a statistically insignificant yield differ-
ence of 433 kg ha−1 (6.4 bu ac−1) between 110 d and 115 d
CRM.
When corn was planted on May 13, there was a signifi-
cant yield difference of 1534 kg ha−1 (25 bu ac−1) between
100 d and 110 d corn, 1740 kg ha−1 (25 bu ac−1) between
100 d and 115 d CRM corn. The yield difference between
105 d CRM and 110 d CRMwas predicted to be 693 kg ha−1
(11 bu ac−1). The yield difference between 110 d and
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F IGURE 3 Simulated effect of planting date on corn yield across varying corn relative maturity groups averaged over 30 years
115 d CRMwhen planted onMay 13 was noted to be 2017 kg
ha−1 (30 bu ac−1) which was not statistically significant. In
general model predictions showed that there were signif-
icant yield differences when moving between varieties of
∼10 days in comparative relative maturity length but that
there were not significant differences in the 110 d and 115 d
varieties.
3.3.2 Quantifying rye biomass across
range of fall planting dates
For one element of model application, we tested a range
of rye planting dates that could be facilitated by differ-
ent corn planting dates and CRMs. For this application,
we set cover crop termination to April 15 as an “average”
window given that extensive field reports consider this
conservative cover crop termination date (Elmore, 2019;
Abendroth et al., 2017). Planting the rye cover crop on or
before September 15 could be facilitated by < 100 d CRM
according to the model if corn was planted by April 20.
The average rye biomass varied between 909 kg ha−1 in
a cool dry season to 4744 kg ha−1 in a warm and wet
year when the cover crop was planted on September 15
and terminated on April 15. Overall, we found that if rye
was planted by September 15, an average of 12.9 kg ha−1
(11.4 lbm ac−1) was accrued per day but this varied
depending on the temperature and precipitation condi-
tions. Across the different seasonal conditions, rye planted
by September 15 accrued an average biomass of 4.4 kg ha−1
(3.9 lbm ac−1) in cool dry years, 12.1 kg ha−1 (10.8 lbm ac−1)
in warm dry years, 13.9 kg ha−1 (12.6 lbm ac−1) in cool
wet years and 21.6 kg ha−1 (19.2 lbm ac−1) in warm wet
years.
If medium maturity hybrid corn (100 d and 105 d) is
planted as early as April 20, the model estimated that
corn could be harvested between September 15 ̶ Septem-
ber 21 (Table 3). The average biomass generated in this
planting window (September 15–Apr il15 and Septem-
ber 21–April 15) was 2358 kg ha−1 (2103 lbm ac−1).
When long season (110 d and 115 d) corn was planted
on April 20, the model predicted that it could be har-
vested as early as September 25 and September 29, respec-
tively. Rye cover crop planted between September 26
and September 30 and terminated on April 15 gener-
ated an average biomass of 1458 kg ha−1 (1300 lbm ac−1).
A detailed list on simulated rye biomass based on plant-
ing dates when corn is planted on April 20 are furnished
in Table 3. If medium maturity hybrid corn (100 d and
105 d) is planted on May 13, the model estimated that
corn could be harvested between September 25 and Octo-
ber 1 and the average biomass generated in this plant-
ing window (September 25–April 15) was 1414 kg ha−1
(1261 lbm ac−1). When long season (110 d and 115 d) corn
was planted on May 13, the earliest date when harvest was
predicted was October 4 and October 9, representing that a
cover crop could be planted by October 4 and could accu-
mulate an average biomass of 907 kg ha−1 (809 lbm ac−1).
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TABLE 3 Simulated total biomass accrual using historical dataset (1987 ̶ 2017) at various rye planting dates and a conservative rye































kg ha−1 (lbm ac−1)
80-short/early Aug 28 11,387 (169) Sept 3 1,280
(1,141)
























aThe Rye planting dates were calculated based on the model predicted corn harvest dates of varying relative maturity groups, when corn was planted on April 20.
The average of biomass generated when rye was planted on September 15 was 909 kg ha−1 in a cool dry year, 2804 kg ha−1 warm dry year, 3108 kg ha−1 cool wet
and, 4744 kg ha−1 warm wet years. Temperature < 15 C and Precipitation < 225 mm: Cool and Dry year; Temperature > 15 C and Precipitation < 225 mm: Warm
and Dry year; Temperature < 15 C and Precipitation > 225 mm: Cool and Wet year; Temperature > 15 C and Precipitation > 225 mm: Warm and Wet year.
A detailed list on simulated rye biomass based on plant-
ing dates when corn is planted on May 13 are furnished in
Table 4.
Our analysis showed that biomass accrual is highly
dependent on weather during the cover crop growing sea-
son, namely that there is either adequate temperature
or precipitation. Earlier planting of cover crop accrues
exceptionally high biomass in warm wet seasons, medium
or average biomass in cool wet and warm dry sea-
sons and low biomass in cool dry seasons. For identi-
cal planting dates, a warm wet season accrued approxi-
mately four times more biomass than a cool dry season
(Figure 5A). Overall, we found that rye planted by Septem-
ber 15 and terminated on April 15 accumulated an aver-
age biomass of 2891 kg ha−1 (2579 lbm ac−1), (Figure 5A;
Figure 6).
Rye planted on September 20 accumulated an aver-
age biomass of 2183 kg ha−1 (1947 lbm ac−1) and that
planted on September 30 accrued an average biomass of
1281 kg ha−1 (1143 lbm ac−1). Thus, when cover crop plant-
ing date was preceded by 10 days (September 20 instead of
September 30), the model simulated an average biomass
gain (difference between biomass accrued across the two
planting dates) of 902 kg ha−1 (804 lbm ac−1). If cover
crop planting date was October 1, the model simulated a
biomass of 520 kg ha−1 (464 lbm ac−1) in cool dry sea-
sons, 1070 kg ha−1 (960 lbm ac−1) in warm dry seasons,
1517 kg ha−1 (1354 lbm ac−1) in cool wet and 2017 kg ha−1
(1800 lbm ac−1) inwarmwet seasons if terminated onApril
15, with an average biomass accrual of 1218 kg ha−1 (1086
lbm ac−1) (Table 4; Figure 5A; Figure 6).
For the warmer and wetter years, rye planted by the
third week of September on an average, resulted in an
increase in biomass by 50 percent (2625 kg ha−1 or
39.03 bu ac−1) (Figure 4; Figure 5) over rye planted by the
second week of October (1288 kg ha−1 or 19.15 bu ac−1) and
terminated on April 15. This implies growing a medium
corn hybrid (105 d), which would reach a grain moisture
content acceptable for crop harvest by the third week of
September, could broaden the planting window for cover
crop allowing higher biomass generation. The model pre-
dicted an average biomass value for rye planted on Septem-
ber 15 to be 2891 kg ha−1 (2589 lbm ac−1) and rye planted
on October 31 to be 286.5 kg ha−1 (255 lbm ac−1) repre-
senting a ten-fold difference (Supplemental Tables S7 and
S8). Themodel predicted that the September 15 ̶ September
30 window was the most critical cover crop planting win-
dow, as the total biomass loss in 15 days delay accounted
to 1610 kg ha−1 (1436 lbm ac−1) (averaged across all sea-
sons for the same planting date). On an average, during a
six week fall cover crop planting window (September 15–
October 31), every day beforeOctober 31 that the cover crop
was planted resulted in additional 63 kg ha−1 (56 lbm ac−1)
of biomass per day (Figure 5A).
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TABLE 4 Simulated per day biomass loss with delayed planting using historical dataset (1987 ̶ 2017) at various rye planting dates and a




































kg ha−1 (lbm ac−1)












105-medium Oct 1 14,316 (212) Oct 2 469 (418) 970 (865) 1,417 (1,264) 1,918 (1,711) 1,193
(1,064)
110-long/late Oct 4 15,009 (223) Oct 5 400 (356) 845 (753) 1,214 (1,083) 1,544 (1,377) 1,000 (892)
115-long/late Oct 9 15,215 (226) Oct 10 303 (270) 708 (631) 963 (859) 1,288 (1,149) 815 (727)
aThe Rye planting dates were calculated based on the model predicted corn harvest dates of varying relative maturity groups, when corn was planted on May 13.
The average of biomass generated when rye was planted on September 15 was 909 kg ha−1 in a cool dry year, 2804 kg ha−1 warm dry year, 3108 kg ha−1 cool wet
and, 4744 kg ha−1 warm wet years. Temperature < 15 C and Precipitation < 225 mm: Cool and Dry year; Temperature > 15 C and Precipitation < 225 mm: Warm
and Dry year; Temperature < 15 C and Precipitation > 225 mm: Cool and Wet year; Temperature > 15 C and Precipitation > 225 mm: Warm and Wet year.
F IGURE 4 Temperature and precipitation record summarized over the cover crop growing season (September 15–April 30) for historical
weather years 1987–2017. Vertical and horizontal axis lines show the average temperature and precipitation, respectively. Each year presented
in the figure represent the temperatures and precipitation in a cover crop growing season. For example, the number 15 in the figure represents
the cumulative precipitation and temperature from September–December in 2015 and January–April in 2016
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F IGURE 5 (A) Simulated rye spring biomass generated for planting dates starting from September 15 to October 31 using historical dataset
(1987–2017) factoring in the weather variabilities across the dataset. Rye was terminated on April 15 irrespective of the planting date. (B) Simu-
lated average Rye spring biomass generated for termination dates starting from April 1 to April 30 using historical dataset (1987–2017). Rye was
planted on October 10. Temperature < 15 C and Precipitation < 225 mm: Cool and Dry year; Temperature > 15 C and Precipitation < 225 mm:
Warm and Dry year; Temperature < 15 C and Precipitation > 225 mm: Cool and Wet year; Temperature > 15 C and Precipitation > 225 mm:
Warm and Wet year.
3.3.3 Quantifying rye biomass with a
range of spring termination dates
We also tested a range of termination dates to determine
how delaying termination in springmight affect cover crop
biomass, while also considering seasonal weather vari-
ability. We set up the model to plant the cover crop on
October 10 of each growing season, as a conservative to
average planting timing andwhenwe found there was typ-
ically not much difference in biomass when planted after
October 10 (Figure 5B). Then we evaluated the model pre-
dictions for termination on different dates throughout the
month of April (April 1 ̶ April 30). Predictions again indi-
cate that amount of biomass generated is highly dependent
on cumulative temperature and heat units accumulated in
the month of April.
Rye cover crop terminated on April 1 (planted on Octo-
ber 10) accumulated an average biomass of 371 kg ha−1
(331 lbm ac−1). With the same planting date (October 10),
cover crop terminated on April 15 accumulated an aver-
age biomass of 896 kg ha−1 (800 lbm ac−1) across differ-
ent seasons and cover crop terminated on April 30 accrued
1428 kg ha−1 (1274 lbm ac−1) of biomass. Therefore, delayed
termination of cover crop in spring by fifteen days could
generate up to two fold more biomass and delayed ter-
mination by thirty days accrues three fold more biomass
(Figure 5B).The simulated biomass at various April termi-
nation dates are tabulated below (Table 5). Terminating
cover crop by April 30 will still leave 2 week time to plant
cash crops without facing yield penalties. Our simulation
results showed no significant yield losses between April
and May planting dates in corn (Figure 3).
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F IGURE 6 Representation of a two year corn-soybean rotation with different comparative relative maturity corn sown in year 1 followed
immediately by a winter rye cover crop. (A) An early (short) season CRM planted mid-May and harvested mid-September. Rye cover crop
planted as early as mid-September and terminated mid-April accumulated an average biomass of 2380 lbm ac−1. (B) A medium season CRM
planted mid-May and harvested late Sabeeptember. Rye cover crop planted late September and terminated mid-April accumulated an average
biomass of 1064 lbm ac−1. (C) A late (long) season CRM planted mid-May and harvested early October. Rye cover crop planted early Octo-
ber September and terminated mid-April accumulated an average biomass of 815 lbm ac−1. Artwork by Lana Koepke Johnson, University of
Nebraska-Lincoln
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TABLE 5 Simulated additional biomass accumulation with delayed termination using historical dataset (1987 ̶ 2017) at various




in a cool dry year
Average biomass in
a warm dry year
Average biomass





kg ha−1 (lbm ac−1)
Apr 1 47 (42) 361 (322) 252 (224) 828 (738) 372 (331)
Apr 5 96 (85) 453 (404) 337 (301) 1,022 (911) 477 (425)
Apr 10 146 (130) 656 (585) 553 (493) 1,321 (1,178) 669 (596)
Apr 15 216 (192) 810 (761) 776 (730) 1,624 (1,502) 856 (763)
Apr 20 281 (240) 1,006 (897) 997 (889) 1,917 (1,710) 1,050 (936)
Apr 25 347 (309) 1,175 (1,017) 1,239 (1,069) 2,138 (1,940) 1,224 (1,092)
Apr 30 408 (352) 1,346 (1,200) 1,401 (1,249) 2,558 (2,282) 1,428 (1,274)
aTemperature < 15 C and Precipitation < 225 mm: Cool and Dry year; Temperature > 15 C and Precipitation < 225 mm: Warm and Dry year; Temperature < 15 C
and Precipitation > 225 mm: Cool and Wet year; Temperature > 15 C and Precipitation > 225 mm: Warm and Wet year.
4 DISCUSSION
4.1 Extending the cover crop growing
season
The use of cover crops in the United States continue
to expand each year; in 2016, the number of acres of
land under cover crops increased by 25% as reported
in a cover crop survey by the Conservation Technology
Information Center for the mid-western United States
(Iowa, Illinois Indiana, Nebraska, Kansas, Missouri, Wis-
consin and Michigan (SARE-CTIC, 2017). In spite of these
increases, cover crop adoption remains relatively low, with
cover crops grown on approximately 3.6% of the cropped
acres in the top corn producing states in the Upper Mid-
west (USDA-NASS, 2018). In order to increase the use of
cover crop adoption rates, it is critical to refine manage-
ment practices that not only enhance soil ecosystem ser-
vices (Schipanski et al., 2014), but also maximize cover
crop biomass production and minimum cash crop yield
losses. While the optimal time for growing cover crop is
dependent on a producer’s goals (i.e. erosion prevention,
weed control, nitrogen retention), increasing biomass is
positively correlated to soil ecosystem services (Acharya
et al., 2016; Finney et al., 2016). Although, innovative cover
crop planting technologies such as interseeding cover
crops during early vegetative corn growth, planting cover
crops with broadcast methods such as “tall boy” seed-
ers, airplanes, helicopters or drones have gained atten-
tion, many producers continue to report the most success
with direct drilled seeding of cover crops (Roesch-Mcnally
et al., 2018; Vincent-Caboud, Peigné, Casagrande, & Silva,
2017). Producers have also reported that “following com-
bines with drills” – or planting cover crops post- corn or
soybean harvest as early as possible (SARE, 2012) – is a
successful practice for cover crop integration. This would
reflect the most similar cover crop planting scenario that
was represented in our simulations. Our results demon-
strate that earlier cover crop planting in fall can result in
up to ten fold more cover crop biomass when planted as
early as September 15 with limited yield tradeoffs.
The simulated results from this study suggested that
early cover crop planting in fall increased the biomass
production as it has higher chances of survival in win-
ter (Gailans, 2017). On average, we found that the winter
rye cover crop planted between September 15 and Septem-
ber 30 has the maximum potential of biomass accumu-
lation. Beyond October 5, very few heat units remain
in the growing season for extensive cover crop growth
and establishment (Wilson, Baker, & Allan, 2013), even
in warmer and wetter conditions. Simulated results also
showed that planting the cover crop beyond October 10,
biomass growth generally plateaued.
One possible way to promote early cover crop planting
by September is by selecting medium season corn matu-
rity hybrids (105 d). Model predictions showed that a 105 d
corn planted in late April (April 20) could be harvested by
September 21 (Table 4). Rye planted as early as September
21 and terminated on April 15, could accumulate an aver-
age biomass of 2075 kg ha−1 (1851 lbm ac−1). In our pre-
dictions we found that a full season maturity hybrid (110 d
or 115 d) planted by April 20th could typically be harvested
by September 26 or September 30. Earlier rye planting by
10 days in September could help in accumulating an addi-
tional biomass of 882 kg ha−1 (786 lbm ac−1) (Figure 5A).
Simulation results also showed that biomass accumu-
lation is highly dependent on precipitation and temper-
ature during the cover crop growing period. Maximum
cover crop biomass production occurred when precipi-
tation was above 225 mm and average temperature was
above 15 ◦C (September–April). Overall we found that an
early September cover crop planting date will not lead to
high biomass accumulation if the cumulative precipitation
and average temperature does not facilitate enough GDDs
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accumulation. Ideally, a combination of higher tem-
perature and higher precipitation generated maximum
biomass. Either temperature or precipitation was essential
parameter for an average biomass production and lack of
both lead to very little cover crop biomass even when plant
as early as September 15 (Figure 5).
Additionally, rye biomass production was maximum for
the years where at least 1020 growing degree days (GDD)
accumulated between planting and termination in mid to
late April. Based on the climate record, 1020 GDD (base
0 ◦C) accumulated only when rye was planted on or before
September 20. This finding emphasizes the importance of
opting for altered management practices such as the adop-
tion of mediummaturity corn hybrids in order to facilitate
early fall cover crop planting. We did not find any signif-
icant yield differences between a 100 d, 105 d corn hybrid
when planted on April 20 or May 13. Similarly, no signif-
icant yield differences were noted within 110 d and 115 d
corn hybrids planted on April 20 orMay 13, but yield losses
were significant when planted in June.
Another aspectwithin cover cropmanagement practices
that increase the cover crop biomass is the delayed cover
crop termination in spring. Delaying spring termination
from the beginning of April to the end of April accumu-
lated an additional biomass of 1056 kg ha−1 (942 lbm ac−1).
In addition to termination date, precipitation and solar
radiation are equally important for biomass accrual
(Wilson et al., 2013). Our results were in congruence with
studies reported in Illinois in a corn-soybean systemwhere
rye cover crop biomass varied between years by 1820 kg
ha−1 due to low temperature (Miguez & Bollero, 2005) and
in south west Iowa (Gailans & Kauffman, 2018). Another
study in Wisconsin also reported a below average temper-
ature early in the month of April as a cause of rye biomass
variation between years (Andraski & Bundy, 2005).
Farmers planning to plant corn in mid-May could delay
spring termination of cover crops as late as April 30 and
accrue a total biomass of 1428 kg ha−1 (1274 lbm ac−1)
(when compared to a conservative spring termination date
of April 1 which accrues a biomass of 371 kg ha−1 (331
lbm ac−1). Researchers typically recommend waiting 10 to
14 days after cereal rye cover crop termination to plant
corn as a best practice. Adhering to such recommenda-
tions, spring cover crop termination as late as April 30
could reduce chances of yield penalty for farmers plant-
ing corn by approximately May 13 (Acharya et al., 2016).
It is important to note, some of the on farm research con-
ducted in Sloan, Iowa have reported reduced corn yields
(336 kg ha−1) from later cover crop termination even
though cover crop biomass doubled (Gailans & Sloan,
2016). Thus, farmers and researchers need to continue test-
ing alternative practices until yields are optimized with a
later termination.
4.2 Factors impacting corn yield and its
relationship to the cover crop planting
window
In this study, we used simulation modeling to understand
the impact of corn planting dates, corn relative matu-
rity hybrid (80 d ̶ 115 d) on corn yield in order to opti-
mize planting and terminating of a winter rye cover crop
using a historical dataset of over thirty years. The rationale
behind considering historical dataset for over thirty years
was to develop comprehensive datasets for decision sup-
port by including seasonal weather variability, a key factor
affecting annual crop growth (Alonso-Ayuso et al., 2018)
(Figure 3). Model predictions were in accordance with the
field observed studieswhere increasing corn relativematu-
rity hybrids (115 d) increased yield for April 20 and May
13 but corn yield plateaued beyond 105 d maturity group
when planting date was delayed to June 6. The poten-
tial yield in corn also depends on the total leaf area pro-
duced (Bueno, 1979) so yield reduction in shorter season
hybrids could be attributed to the fact that the short sea-
son maturity hybrids have smaller leaf area which leads to
reduced net primary productivity (NPP) (Modarres et al.,
1998). We also looked at simulated values of leaf area index
(LAIs) for the different maturity corn hybrids and found
that 80 d and 90 d maturity hybrids have LAIs in the
range of 2.4 to 2.6. At a LAI ranging from 2.0 to 2.7, a
corn canopy is capable of intercepting only 75% of full sun-
light (Hunter, 1980). This may explain why short season
maturity hybrids (80 d and 90 d) resulted in the lowest
yield.
When planting date was delayed to June 6, medium
maturity hybrid (105 d) showed higher yield than late-
maturity hybrid. This could be attributed to the increased
photosynthetic active radiation (PAR) under corn canopy
which ranged from 32–44% during mid-late August for
April 20 and May 13 planting dates compared to June 6
planting date. Prior experiments report that longer matu-
rity hybrids (110 d, 113 d, and 115 d) were more sensitive
to delayed planting date (June) than short and medium
season maturity hybrids (Swanson &Wilhelm, 1996). This
supports our findings where 100 d and 105 d maturity
groups showed the highest yield when planted on June 6
(Figure 3) In a recent synthesis conducted, it was reported
that for locations such as Nebraska that lies between
40–45◦ N, longer maturity groups showed reduced yield
when planted after May 15, similar to what was found in
our study (Long, Ngoc, Dung, & Kristiansen, 2015). The
modeling results align with the field studies conducted
across Nebraska where delayed planting beyond mid-May
resulted in reduced corn yields (Bastidas., 2017; Kucharik,
2008).
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Our modeling results predicted the highest corn yield
for an earlier planting date of April 20 (15,598 kg ha−1 for
115 d maturity hybrid) at an optimum planting density of
86,487 plant ha−1. However, the yield differences between
April 20 and May 13 across all maturity hybrids were not
statistically significant (Table 3; Figure 4). This suggests
that in order to maximize yield, farmers in Nebraska could
opt for a planting window between April 20 and May 13
using full ormedium seasonmaturity groups. Themedium
season maturity hybrids (100 d and 105 d) showed higher
yield when planting was delayed to June 6 compared to
full season maturity hybrids (110 d and 115 d). Thus, if
planting gets delayed due to unforeseen circumstances,
farmers could opt for a medium season maturity hybrid
to reduce yield losses from delayed planting, keeping the
same planting density of 86,487 plant ha−1. Similar trends
were reported using RZWQM and CERES maize models
in Colorado where optimum planting dates ranged from
April 20 to May 15 (Anapalli, Ma, Nielsen, Vigil, & Ahuja,
2005) with little to no yield losses when planted within
the planting window. In another study conducted in Illi-
nois, increased yields from mid-April to late April plant-
ing dates, and declined yield with late May planting were
reported (Nafziger, 1994). A robust meta-analysis reported
that planting date of high-yielding US maize fields had a
positive correlation with latitude (Long, Assefa, Schwal-
bert, & Ciampitti, 2017). For the state of Nebraska, under
dryland conditions, April 17 ̶April 28was reported as a suit-
able planting window while planting dates ranging from
April 29 ̶ May 8 showed higher corn yield for Nebraska
in general (Long et al., 2017). This makes it imperative for
farmers to critically analyze their optimum planting win-
dows and maturity length hybrids when considering how
best to integrate cover crops into corn-soybean rotations.
5 CONCLUSIONS
In this study, we tested the APSIM platformwith field data
and provided an analysis on the effect of planting dates on
corn yield across six different maturity corn hybrids and
possible alternative corn management practices that could
facilitate earlier fall cover crop planting or later spring
cover crop termination. Different maturity length hybrids
showed no significant yield losses when planted on April
20 andMay 13.We identify at least two scenarios that could
result in significantly increased cover crop biomass with-
out significant reductions in corn yields. The first is delay-
ing spring termination by approximately 15 days in April
which would produce an additional biomass increase by
56% compared to an April 1 termination timing, without
sacrificing crop yield. The second is utilizing medium sea-
son maturity hybrid (105 d) which could facilitate cover
crop introduction as early as the third week of Septem-
ber and results in only a 206 kg ha−1 (3 bu ac−1) difference
compared to a long season variety (115 d).We further found
that cover crop biomass accrual was highly dependent on
weather; for identical planting dates, a warm wet season
accrued approximately four times more biomass than a
cool dry season. APSIM predicted yield and biomass mea-
surements well and thus it can be used as a tool to generate
alternativemanagement scenarios and identify a combina-
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